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ABSTRACT 
 The late-glacial (~15 kyr B.P.) advance of the soft-bedded Des Moines Lobe, the 
marginal portion of an ice stream of the Laurentide Ice Sheet, deposited regularly-spaced, 
transverse moraines.  These so-called washboard moraines have relief of 1-5 m, an 
average spacing of ~105 m, and are distributed over the footprint of the Des Moines 
Lobe.  Determining the processes responsible for the formation of these moraines may 
help illuminate aspects of Des Moines Lobe dynamics and origins of submarine 
transverse ridges adjacent to modern ice sheets. 
 Washboard moraines may have formed as a result of weak basal sediments 
extruding into transverse crevasses in basal ice as the lobe underwent flow-parallel 
extension.   To test this hypothesis, a cross-section (70 m long and up to 4 m high) was 
exposed across a prominent washboard moraine crest that is transected by 610th Avenue, 
16 km southeast of Ames. The section was described, and sediment samples were 
collected to study their density, grain-size distribution, and preconsolidation pressure.  
Anisotropy of magnetic susceptibility (AMS) of 3200 intact till samples was used to 
characterize till fabrics with orientations of principal susceptibilities. AMS fabrics were 
interpreted using ring-shear experiments that allow fabric orientation to be calibrated to 
the state of till strain.  
 The exposed cross-section revealed till with irregular, isolated lenses of silt, sand, 
and gravel that generally dip steeply up-glacier.  Preconsolidation pressures, measured 
from intact till and silt samples, and till densities indicate that these sediments were under 
the glacier, precluding the possibility that they were deposited supraglacially at the 
glacier margin. Moreover these sediments could not have been pushed into a moraine 
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ridge at the glacier margin without resetting preconsolidation pressures to significantly 
lower values.  AMS fabrics in the moraine are consistent with flow-parallel shear, with 
shear planes inclined mildly up-glacier, together with flow-parallel shortening 
accompanied by vertical and lateral extension. This strain field is consistent with shearing 
and extrusion of weak basal till and subglacial fluvial sediments into basal crevasses 
during slip of the lobe – a conclusion supported by previous less detailed studies of 
several nearby moraines.  These results provide support for reconstructions of the Des 
Moines Lobe and imply that the distribution of these landforms was spatially rather than 
temporally controlled. 
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CHAPTER 1: INTRODUCTION 
 
A. Washboard moraines 
 Washboard moraines are a common topographic feature in central Iowa within the 
footprint of the Des Moines Lobe (Fig 1.1a).  These features have been called minor 
moraines, corrugated ground moraine, and aligned hummocks in previous studies 
(Gwynne, 1942; Stewart et al., 1988; Colgan, 1996).  The term “washboard” is used 
herein because it best describes how these ridges appear in aerial images (Fig 1.1b).  
Washboard moraines are very subtle, low-relief features.  They tend to be quasi-periodic, 
spaced 30-180 m (~105 m average) apart and oriented transverse to the former glacier 
flow direction and sub-parallel to the Bemis moraine (Kemis et al., 1981), the terminal 
moraine of Des Moines Lobe (Fig. 1.1a).  Washboard moraines are 1-5 m high, have 
wavelengths of ~100 m, and can form continuous ridges up to 1 km long (Gwynne, 1942; 
Kemis et al., 1981; Stewart et al., 1988).  They are primarily composed of till intercalated 
with sand and silt lenses.  Erosion has reduced the relief of these landforms significantly; 
as much as 0.6 to 1.2 m of sediment has been eroded from their crests since their 
deposition (Burras, 1984).  The moraines are sub-parallel and form broadly scalloped 
patterns (Kemis et al., 1981).  The quasi-periodic appearance of washboard moraines has 
led to different interpretations of their origin.  Correctly interpreting the origin of these 
features is important for accurately reconstructing the geometry and dynamics of the Des 
Moines Lobe (e.g., Clark, 1992; Hooyer &Iverson, 2002)        
2 
 
a 
 
 
Figure 1.1a.  Map showing the general distribution of washboard moraine tracts over the 
footprint of the Des Moines Lobe.  Dotted lines (Gwynne, 1942) do not represent 
individual ridges but their general locations and orientations relative to the Bemis, 
Altamont, and Algona moraines.  Detail of black square inset is provided as Figure 1.1b.   
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Nevada
Figure 1.1b.  LiDAR image of the area outlined by the inset box of Figure 1.1a.  A 10 m 
digital elevation model (DEM), shown as a hillshade, highlights washboard moraines that 
are preserved on the uplands between the towns of Ames and Nevada in Story County, 
Iowa. 
 
B. Transverse Moraines 
 A variety of quasi-periodic, transverse moraines characterize glaciated regions of 
the world.  Elson (1968) attempted to classify transverse moraines.  Confusion has since 
resulted; the same names are often used to describe features with different origins and 
compositions.  Discussion of transverse moraines is, therefore, warranted (Table 1). 
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Name Description Glacier environment 
Rogen/ribbed height: <10m 
width: 100-500 m 
length: irregular 
spacing:  500-2000 m 
subglacial near ice divides or 
advancing glacier margin 
De Geer height: <10 m 
width: 20-50 m 
length: 50-1000 m 
spacing:  400-1000 m 
subglacial crevasses or retreating 
margin of water terminating glacier 
 
push height: <5 m 
width: 5-20 m 
length: 200-5000 m  
spacing: irregular 
margin of  retreating glacier 
fishbone/submarine height: 2- >10m 
width: 150- >500 m 
length: 1000-3000 m 
spacing: ~50-200 m 
margin of marine terminating ice 
sheet, high latitude continental 
shelves 
Table 1.  Summary of  transverse moraines and their properties (adapted from Colgan, 
1996).  
 
Rogen (ribbed) moraine   
Rogen moraines, named after a Swedish lake and the landform’s type locality, 
occur near the core areas of Late Pleistocene glaciations in the northern hemisphere 
(Benn & Evans, 1998) (Fig1.2a).  They are not widely distributed and have not been 
found in association with modern glaciers or ice sheets (Hattestrand & Kleman, 1999).  
Rogen moraines are crescentic ridges up to tens of meters high and hundreds of meters 
wide (Hattestrand & Kleman, 1999).  The ridges are mostly curved with their outer limbs 
bent down-glacier and are often linked by irregular cross-ribs (Sugden & John, 1976).  
Individual ridges tend to have asymmetric flow-parallel profiles that are steeper on their 
stoss than their lee sides.  These landforms are composed of diverse sediments.  Most 
Rogen moraines contain coarse stoney till that may include massive and laminated till,  
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Figure 1.2.  a) Rogen (ribbed) moraines in Norway.  b) De Geer moraines in Québec, 
Canada.  c) Small push moraines in Iceland.  d) Swath bathymetry image of fishbone 
(submarine) moraines on the continental shelf of West Antarctica. Also visible are mega-
scale lineations parallel to the ice flow direction which is from right to left (Jakobsson et 
al., in press).  
 
gravels, sands, and silts which commonly show signs of deformation (Bennett & Glasser, 
2009).   
 Most recent studies support a subglacial origin for Rogen moraines.  Subglacial 
indicators include observations of lodgement till, eskers overlying ridges, and 
drumlinization and fluting of ridges (Hattestrand & Kleman, 1999).  Rogen moraines tend 
to be located in slight depressions in till sheets or broad bedrock valleys and in close 
proximity to drumlin fields (Lundqvist, 1997).  The close spatial association between 
drumlins and Rogen moraines, together with zones of transition between the two 
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landforms, suggest both features may be formed at the same time by bed deformation 
(Benn & Evans, 1998).  The leading hypothesis of Rogen moraine formation is that the 
moraines form due to subglacial compression near the glacier margin, resulting in 
shearing and stacking of basal or englacial debris that melts and forms till ridges 
(Lundqvist, 1997).  Observations of laminated tills interbedded with sorted sediments and 
deformed into folds and thrust planes, in combination with clast fabrics perpendicular to 
ridge crests, are cited in support of this model (Sugden & John, 1976).   
 In contrast, Kleman and Hattestrand (1999) argue that drumlinization has not been 
conclusively linked to these ridge formations and prefer the North American terminology 
of ribbed moraines.  Instead of compression, they suggest the ridges formed by fracturing 
and extension of frozen basal till beneath cold-based glaciers.  Hattestrand (1997) 
proposed that as ice flows from frozen (non-sliding) conditions to distal melting (sliding) 
conditions, ice velocity increases, with associated tensile stresses in the bed parallel to 
flow.  These tensile stresses cause the basal till to fracture and brittlely deform 
(Hattestrand & Kleman, 1999), spreading apart frozen sections of the bed that ultimately 
form moraine ridges.  Compelling evidence for this hypothesis is the tendency for ribbed 
moraines to fit together like the pieces of a jigsaw puzzle when brought together along a 
flow line (Hattestrand & Kleman, 1999).     
 
De Geer moraine  
 Originally described by De Geer (1889), and named after him by Hoppe (1959), 
De Geer moraines are low, sharp-crested ridges: typically <10 m high, tens of meters 
wide, and hundreds to thousands of meters long (Golledge & Phillips, 2008) (Fig 1.2b).  
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They tend to have a steep asymmetrical cross-section parallel to flow, with the distal 
slope being the steepest (Golledge & Phillips, 2008).  De Geer moraines form in 
subaqueous environments at or near former ice margins and occur in fields of closely 
spaced sub-parallel ridges (Larsen et al., 1991).  Water sorted sediments, such as sand 
lenses and varved sand and clay, are often incorporated in till with weak particle fabrics 
(Larsen et al., 1991).          
 Although the origin of De Geer moraines is widely debated, two primary 
interpretations are favored. One explanation for these linear, closely spaced moraines is 
that they form subglacially in crevasses at the glacier bed, some distance behind a calving 
margin (Zilliacus, 1989).  Surge advance of a glacier margin can cause tensile stresses 
perpendicular to the ice front, leading to the development of basal crevasses (Golledge & 
Phillips, 2008). Settling of the crevassed glacier base into unconsolidated, proglacial 
sediment leads to squeezing and infilling of the cavity (Zilliacus, 1989). A variation on 
this interpretation invokes subglacial deposition from meltwater within the basal 
crevasses in preference to sediment squeezing to explain the glaciofluvial sediment 
within some De Geer moraines (Beaudry & Prichonnet, 1991).  Both mechanisms require 
a floating glacier margin and rapid glacier recession in order to preserve these landforms 
from reworking during subsequent marginal oscillations (Golledge & Phillips, 2008).   
 However, more recent investigations have led to an alternative model where 
sediments are deposited or pushed up at the grounding line of a water-terminating glacier, 
thereby forming the transverse ridges.  This alternative model requires deposition of 
sorted sediments beyond the grounding line of a water-terminating glacier, and 
subsequent deformation of these sediments into transverse ridges by ice-marginal 
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advance (Lindén & Möller, 2005). In this scenario, stacked sequences of fine-grained 
sediments are common, and diamicton units are interpreted as re-worked till, lodgement 
till, or subaqueous debris-flow deposits (Larsen et al., 1991).  
 
Push moraine  
Push moraines, also known as annual moraines, form as a result of ice pushing 
proglacial sediment into ridges at an advancing glacier margin (Bennett, 2001) (Fig 1.2c).  
Generally, individual ridges are 1-5 m high, tens of meters wide, and laterally continuous 
but may bifurcate (Bennett, 2001).  Tracks of ridges tend to have irregular spacing due to 
irregular timing and duration of ice advances.          
 The primary process invoked for the formation of push moraines is shearing and 
compression of marginal ice and sediment during seasonal oscillations of the glacier 
margin.  During periods of advance, the glacier shears and dislodges till, from beneath 
and/or in front of the glacier margin, along a decollement (Benn & Evans, 1998).  
Depending on the nature of the till, the detached till slabs can form imbricate fans of 
listric thrusts or horizontal over-riding slabs (Bennett, 2001).  As the ice retreats, 
proglacial outwash and unsorted melt-out debris is deposited over the ridge (Bennett, 
2001).  If there is net recession, push moraines are preserved.  Since spacing of individual 
ridges is temporally controlled, push moraines observed adjacent to several modern 
glaciers have been used to calculate rates of glacier advance and retreat (Boulton, 1986; 
Bradwell, 2004). 
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Submarine (Fishbone) 
Large-scale, periodic, transverse moraines have been detected on the continental 
shelves of high latitude areas (e.g., Antarctica, Alaska, Norway) using swath-bathymetry 
technology.  Submarine glacial landforms are receiving considerable attention as the 
technology to detect them improves (Shipp et al., 1999; Dowdeswell et al., 2008; 
Winkelmann et al., 2010).  Jakobsson et al. (in press) suggest the term “fishbone” to 
describe the regularity of the ridges and their association with mega-scale glacial 
lineations (Fig 1.2d).  Fishbone moraines occur at depths between 200-1000 m below sea 
level (Ottesen & Dowedeswell, 2009; Winkelmann et al., 2010).  Thus far, imaging data 
have shown individual ridges tens of meters high and hundreds to thousands of meters 
wide and long (Shipp et al., 1999; Dowdeswell et al., 2008).  Submarine ridges have been 
identified over tracks as long as 100 km.  Work is on-going to constrain the composition 
and morphology of these submarine features.  Direct sampling of the moraine sediments 
is limited.  Using direct sampling to guide interpretations of seismic data, Shipp et al. 
(1999) interpreted the seismic signature of the transverse ridges as subglacial till.    
 Researchers advocate two potential models for the origin of submarine, transverse 
moraines, both of which include formation of individual moraines at the grounding lines 
of glaciers that terminate as ice shelves.  The ridges may be end moraines formed during 
halts of the grounding line during overall retreat of an ice margin (Ottesen et al., 2005; 
Dowdeswell et al., 2008). Alternatively, they may be push moraines that were formed 
during short-lived re-advances of the grounding line superimposed on its overall retreat. 
(De Angelis & Kleman, 2008; Winkelmann et al., 2010; Jakobsson et al., in press).   
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C. Hypotheses for washboard moraine formation 
 There are two primary mechanisms by which washboard moraines may have 
formed: recessional end-moraine deposition or basal crevasse-fill.  
 End moraines form when a glacier margin, during a time of net retreat, either 
occupies a position long enough to deposit a ridge of sediment through supraglacial 
deposition or forms push moraines through minor margin advance (see section B) (Fig 
1.3).  Gwynne (1942) was the first to study the transverse moraines of the Des Moines 
Lobe.  Based on their low relief, distribution, and relationship to the margin, he 
speculated they formed as push moraines (Gwynne, 1942).  Elson (1968) suggested that 
the periodic ridges formed by lodgement of till in a zone of thrusting behind an apron of 
stagnant ice.  Washboard moraines have also been interpreted as debris that melted out of  
 
 
 
Figure 1.3.  End-moraine formation at the margin of glacier.   
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the margin of a stagnant, disintegrating ice mass (Kemis et al., 1981).  The most recent 
hypothesis by Colgan (1996) invokes episodic glacier surging and stagnation to explain 
the origin of washboard moraines.  Colgan (1996) suggested individual ridges formed 
when subglacial debris, entrained and concentrated in shear zones within the 
longitudinally compressed ice, melted out and was deposited on an irregular layer of 
deformed subglacial till near the glacier margin (Colgan et al., 2003).   
 Based upon interpretation of washboard moraines as end moraines, scientists have 
used the spacing of and distribution of these landforms to calculate rates of glacier 
retreat.  Gwynne (1942) suggested a 100 m yr-1 retreat rate for the Des Moines Lobe from 
moraine spacings in Story County, Iowa.  More recently, Ham and Attig (2001) studied 
moraines in Wisconsin of similar age and geometry to the washboard moraines of Story 
County.  They suggested that the composition of the moraines is similar to that of modern 
Icelandic push moraines (Ham & Attig, 2001).  They calculated a range for the annual 
retreat, 37-82 m yr-1, from the minimum and maximum spacing of consecutive ridges: 
(Ham & Attig, 2001). 
 The alternative hypothesis for the origin of washboard moraines is the basal 
crevasse-fill model.  Basal crevasse-fill ridges form by deformation of subglacial till into 
basal crevasses that form due to tensile fracture at the base of a rapidly moving and 
extending glacier (Fig 1.4).  These crevasses, like those routinely observed at the surfaces 
of glaciers and ice shelves, can be relatively uniformly spaced. Stewart et al. (1988) 
studied the geomorphology and sedimentology of four moraines in three locations in 
Story County, Iowa.  In addition to till, discontinuous sorted sediments were observed 
and interpreted as deposits of subglacial melt-water conducted along the trends of basal 
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crevasses (Stewart et al., 1988).  Adding to work done by Kemmis et al. (1981) on the 
properties of Des Moines Lobe till, Stewart et al. (1988) were the first to gather both clast 
and magnetic till fabric data.  They concluded that strong, flow-parallel till fabrics 
indicated deposition at the base of the glacier.  This conclusion and the uniform spacing 
of the ridges were consistent with the basal crevasse-fill model.  
 
 
 
Figure 1.4.  Till deforming by extrusion and shearing into the base of a glacier crevasse. 
      
 Modern examples of crevasse-fill ridges are documented in landscapes created by 
surging glaciers (Clarke & Collins, 1984; Sharp, 1985).  Sharp (1985) examined newly 
exposed crevasse-fill ridges and noted that they mimicked the transverse and radial 
pattern of crevasses on the glacier snout. He suggested that basal till moved into 
crevasses due to adjacent longitudinal gradients in effective stress, which squeezed till 
toward and into the newly created openings.   
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D. Motivation 
Des Moines Lobe geometry and dynamics 
 The analysis of glacial landforms is an essential tool in reconstructing past ice 
sheets.  These landforms provide clues from which the dimensions, geometry, dynamics 
and history of former ice sheets can be reconstructed.  Reconstructions of the lobe (Clark, 
1992; Hooyer & Iverson, 2002) assume that washboard moraines formed both 
subglacially and simultaneously when the glacier was at its maximum extent building the 
Bemis moraine. Testing the crevasse-fill hypothesis, therefore, allows the veracity of 
these ice-lobe reconstructions to be evaluated. 
Reconstructions of the lobe’s surface morphology at its maximum extent provide 
some basis for evaluating the lobe’s dynamics. An initial reconstruction of the lobe 
(Clark, 1992), using the modern elevation of the Bemis Moraine and assuming 
washboard moraines were subglacial, yielded a very thin gently sloping ice lobe with ice 
less than 100 m thick in Story County and with driving stresses less than 5 kPa (glacier 
driving stresses considered to be typical are ~50 kPa (Paterson, 1994).  A more recent 
reconstruction considers the possibility that the Bemis Moraine was ice-cored and that the 
current elevation of the moraine underestimates the elevation of the ice lobe at its margin 
(Hooyer & Iverson, 2002).  Reconstructions based on  different volumetric fractions of 
debris in the Bemis Moraine, assuming it was ice-cored, yielded a maximum glacier 
thickness ~250 m in Story County, with driving stresses as high as 15 kPa.  Nevertheless, 
both reconstructions indicate that the lobe was relatively thin and gently sloping with low 
driving stresses (Clark, 1992; Hooyer & Iverson, 2002) 
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 Some have argued that lobes along the southern margin of the Laurentide ice 
sheet, including the Des Moines Lobe, moved primarily by shearing their water-saturated 
till bed (Alley, 1991; Clark, 1994; Boulton, 1996; Boulton et al., 2001).  If the Des 
Moines Lobe advanced into central Iowa through pervasive bed shearing beneath the ice, 
then the bed would have been sheared to very high shear strains (> 1000), such that 
glacier displacement was at least 1000 times greater than the bed thickness, with the till 
particle fabric reflecting this high strain (Iverson, 2005).  Laboratory ring-shear 
experiments, in which tills were sheared to strains up to 475, indicate that the fabric 
formed by the alignment of gravel-sized elongate clasts becomes steady and strong at low 
strains (< 25) (Hooyer & Iverson, 2000).  Steady-state S1 eigenvalues, a measure of the 
degree of alignment of the long axes of clasts that can vary from 0.33 (no alignment) to 
1.0 (perfectly aligned), were 0.78-0.87 for these experiments.   If the bed-deformation 
hypothesis is correct, the till of the Alden Member should display equally strong fabrics.  
Measurements of clast fabrics along a flow line of the Des Moines Lobe yielded 
eigenvalues of only 0.44-0.66, far smaller than the steady-state values from ring-shear 
experiments.  Hooyer and Iverson (2002) argued that that although the till likely 
underwent some shear during deposition from ice, it probably did not shear pervasively 
over its thickness to the high strain required of the bed-deformation hypothesis. 
 Whether the Des Moines Lobe moved by bed deformation or sliding, basal water 
pressure was near the ice-overburden pressure (e.g., Hooyer & Iverson, 2002), causing 
basal drag to be very low.  The inference that the Des Moines Lobe moved rapidly into 
Iowa under very low basal shear stresses and high basal water pressures has important 
implications for models of washboard moraine formation.  Glaciers that advance out of 
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balance with the climate due to basal lubrication commonly undergo transient extending 
flow even in their ablation areas, whereas a glacier that is in balance with the climate 
would normally undergo compressive flow (Iverson, 2005).  Thus, testing the basal 
crevasse-fill hypothesis, which requires such extending flow, will help explain whether 
rapid movement of the lobe was dynamically triggered by low drag at its base or 
climatically forced.   
 
Origin of similar landforms 
 Exploring the genesis of washboard moraines can help constrain the origins of 
similar moraines elsewhere.  Much recent attention has focused on submarine transverse 
moraines (see Section B) on the continental shelves of Antarctica, offshore from modern 
ice streams that underwent dramatic retreat in the late Pleistocene and Holocene.  As 
noted previously, high-resolution swath-bathymetry has allowed detailed imaging of 
these submarine ridges (Shipp et al., 1999; Winkelmann et al., 2010).  The periodicity of 
these landforms has been interpreted as forced by episodic retreat or tidal oscillation of 
the grounded ice margin (Dowdeswell et al., 2008; Jakobsson et al., in press).  Using the 
spacing of these ridges, attempts have been made to calculate rates of glacier retreat 
(Dowdeswell et al., 2008; Jakobsson et al., in press), assuming a single ridge forms 
annually or seasonally.  Without the ability to reliably date individual ridges, analysis of 
the sediments of moraine ridges is necessary to support theories of origin.  If the 
crevasse-fill hypothesis is shown to be a likely explanation for the washboard moraines 
of Story County, this would provide an alternative explanation for the uniform spacing of 
submarine transverse moraines.  Submarine transverse moraines could have formed 
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simultaneously instead of sequentially.  Thus calculations of retreat rates may be 
premature and, quite possibly, incorrect, since periodicity of transverse moraines could be 
explained by invoking spatial controls rather than temporal forcing by tides or seasonal 
retreats.  
 
E. Objectives 
 The goal of this study was to test the crevasse-fill hypothesis through detailed 
study of the sediments of a prominent washboard moraine in Story County, Iowa. The 
following questions were addressed: 
• Was the sediment that constitutes the moraine deposited beneath the ice or 
at the ice margin? 
• Do these sediments show evidence of deformation consistent with 
sediment deforming into a crevasse? 
If the data support the crevasse-fill hypothesis, work can proceed to interpret the 
geometry and spatial patterns of washboard moraines of the Des Moines Lobe within the 
context provided by the crevasse-fill model (Fig. 1.4) 
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CHAPTER 2: METHODS 
 
A. Introduction  
 This study employed various tools and measurements to characterize the 
composition and physical properties of the sediments of a washboard moraine in Story 
County, Iowa.  Over the course of this project, the sedimentary structures and 
stratigraphy within the cross-section were mapped and described.  Considerable amounts 
of colluvium from the initial excavation process were removed by hand using shovels.  
Trowels and small spades were used to expose and preserve various sedimentary 
structures.  We have tested the crevasse-fill hypothesis by describing and documenting 
the stratigraphy of the moraine and by measuring properties of its constituent sediments, 
including their magnetic fabric, density, preconsolidation pressure, and grain-size 
distribution.   
 
B. Field-site preparation 
The study site, dubbed the 610th Ave. Moraine, is located about 16 km southeast 
of Ames, Iowa. (Fig. 2.1a)  The moraine trends about N50°E.  610th Avenue is oriented 
north-south and therefore cuts the moraine obliquely (Fig. 2.1b).  This particular moraine 
was selected because it is topographically prominent and because an embankment on one 
side of the roadcut provides access to a large cross-section of the moraine (Fig. 2.1c).      
The field work for this project began in mid-May, 2009, and progressed through 
the summer.  The site was prepared for sampling by removing a thin layer of soil and  
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Figure 2.1   (a) LiDAR map of central Iowa. 10 m digital elevation model (DEM) 
overlain with hillshade.  (b) 1 meter DEM hillshade map of the study site indicated in 
Figure 2.1a.  Black arrow points to the road-cut cross-section (modified from image 
provided by Mitchell Cline).  
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Figure 2.1c.  North-facing ArcScene view of 610th avenue moraine generated from a 
LiDAR 1 meter DEM hillshade map.  Image is vertically exaggerated 20 times.  Black 
arrow points to the roadcut cross-section (modified from image provided by Mitchell 
Cline). Black line immediately west of 610th Ave and parallel to it is an artifact of 
merging the edges of adjacent LiDAR maps. 
 
vegetation from the steeply sloping surface of the roadcut.  This was accomplished with a 
track hoe (Fig. 2.2a).  About 0.5 m of soil and grass were cleared and piled in a ridge 
along the road edge.  The cleared face of the cross-section was 70 m across and 5 m high 
at the crest of the moraine (Fig. 2.2b).   
In order to establish a spatial reference for measurements on the cross-section, the 
profile of the road was surveyed using a sighting level on a tripod and a stadia rod.  A 
series of horizontal lines was surveyed and staked on the cross-section to provide 
elevation reference points.  Twelve vertical profiles, with heights that depended on the 
height of the cross-section, were established at about 5 m intervals across the exposure 
(Fig. 2.3).  The profiles were numbered from south to north.  At the site of each profile,  
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a 
b 
Figure 2.2.   (a) View of the study site looking northeast, as clearing of roadcut 
embankment began.  (b) View of the study site looking southeast after clearing was 
completed.   
 
 
 
 
Figure 2.3.   Locations and numbering of vertical profiles across the cross-section 
through the moraine. The green line is the moraine surface.  
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considerable digging by hand was required to remove disturbed sediments left on the 
slope by the track hoe and to expose the underlying, undisturbed sediments.  Within each 
profile, horizontal, level shelves, ~0.1 m2 in area, were cut every 0.2 m.  The shelves 
were labeled alphabetically from top to bottom.          
 
C. Grain-size distribution 
 Grain-size distribution was measured to help characterize sediments.  For 
example, till deposited beneath a glacier (basal till) tends to have a more uniform grain-
size distribution than till deposited at the surface or margin of a glacier (supraglacial till) 
(Kemis et al., 1981; Lutenegger et al., 1983).  Samples were collected in three vertical 
profiles (2, 8, and 12 in Fig. 2.3) at 0.2 m intervals. Grain-size distribution was measured 
with sieve and hydrometer analysis.  A total of 32 ~500 g samples were analyzed.  Each 
sample was air dried and sieved through a 2 mm sieve.  The gravel that was retained on 
the sieve was washed, oven dried, and weighed.  Of the sand and fines that passed the 2 
mm sieve, a representative subsample (75 g on average) was treated with 125 mL of 
deflocculant solution and subjected to hydrometer analysis.  Hydrometer readings were 
recorded at intervals of 1, 2, 4, 8, 15, 30, 60, 120, 240, 480, and 1440 minutes.  The 
sediment was removed from the settling tube and washed through a 0.0625 mm sieve to 
remove the clay and silt.  The remaining sand was dried and weighed. The clay and silt 
contents were calculated through the usual application of Stokes’ law to hydrometer 
readings.    
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D. Till density 
 As with grain-size distribution, bulk density can help indicate where till was 
deposited within the glacial environment (Kemis et al., 1981; Lutenegger et al., 1983).  
Till deposited subglacially will generally have a higher density than till deposited near 
the edge or surface of a glacier.   
 The till density was measured using the excavation sampling method (Arshad et 
al., 1996).  This method is used when the sediment contains pebble and gravel-sized 
clasts. A hole was excavated in an undisturbed, level surface.  The removed sediment was 
retained, dried, and weighed.  The volume of the hole was measured by lining it with 
plastic film and filling the hole with a measured volume of water (Fig. 2.4). Holes ranged 
from 330 to 600 cm3 in volume.   A total of 29 samples were collected from near the top 
and bottom of all 12 profiles. 
 
 
       0.3 m 
 
Figure 2.4.  To determine the volume of a sample for the measurement of bulk density, 
the cavity was lined with plastic wrap and filled with water using a syringe. 
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E. Preconsolidation pressure 
 Preconsolidation pressure reflects the degree to which sediment has been 
consolidated and is equal to the maximum effective stress that sediment has been 
subjected to since its deposition.   To measure preconsolidation pressure in the usual way, 
a confined, intact, sediment specimen is saturated with de-aired water and subjected to 
incremental increases in axial stress.  Resultant excess pore pressure is allowed to 
dissipate as the granular skeleton consolidates after each loading increment.  Initial 
loading increments are small and result in primarily elastic deformation.  At larger 
stresses, the specimen begins to permanently consolidate as the pore spaces shrink.  The 
stress at which a specimen stops deforming elastically and begins to deform permanently 
is the preconsolidation pressure.  The results of this test help determine whether the till 
was deposited at the base of the glacier or at its surface.  
 Intact, undisturbed specimens of either silt or till were sampled for 
preconsolidation testing.  Silt specimens were collected from lenses near and within 
Profile 5 (Fig. 2.3).  To obtain intact specimens of silt, a flat, horizontal surface, with an 
area of approximately 0.04 m2, was excavated in a silt lens.  A metal sampling ring (6.35 
cm diameter and 2 cm tall), known as a cutting ring, was carefully pressed down into the 
silt until the ring’s upper surface was just below the bench surface.  A square metal plate 
was oriented horizontally and pressed into the vertical face of the exposure about 1 cm 
below the ring.  Another plate was placed on top of the sample.  The ring, sandwiched 
between the two plates, was carefully removed from the bench.   
 Obtaining intact till samples was more difficult.  Only one till specimen was 
collected from Profile 7 (Fig. 2.3) using the method outlined above owing to its density 
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and tendency to fracture along closely spaced planes.  Therefore, three intact blocks of till 
(approximately 30-40 cm per side) were collected from near the top of Profile 1 (Fig. 2.3) 
for later subsampling.  The samples were sealed in plastic wrap and foil to preserve field 
moisture and stability during transport. 
 Samples were prepared and tested in the Soil Mechanics Lab in the Department of 
Civil, Construction, and Environmental Engineering at Iowa State University.  Four silt 
samples were collected for testing.  Sample preparation was completed by carefully 
removing the excess silt, so that the top and bottom of the specimen were parallel and 
flush with the ring (Fig 2.5).  
 
 
 
Figure 2.5.  A till sample and its surrounding cutting ring prepared for testing using a 
wire saw, knife, and metal spatula.   
 
  Till specimens were difficult to subsample for testing.  Of the three blocks of till 
collected, only one remained undisturbed in transport.  Three specimens were collected 
from that block in the following manner.  A portion of the block was carefully trimmed 
into a cylinder that was slightly larger in diameter than the metal ring.  The ring was 
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pressed down around the cylinder, thereby trimming away the excess till.  The ring and 
sample were cut from the block, and the top and bottom of the sample were trimmed to 
be parallel and flush with the ring.  
 The silt and till specimens were consolidated using fixed-ring oedometers (e.g., 
Bowles, 1986) (Fig. 2.6a).  The specimen within the cutting ring was placed in the 
chamber and saturated. (Fig. 2.6b)  Weights were placed on the lever arm to apply a 
stress of 6 kPa.   A transducer digitally recorded the change in the thickness of the 
specimen.  Data were collected after the loading increment until consolidation was 
complete (about 24 hours).  Following a standard procedure, the process was repeated 
with a loading sequence of 12, 25, 50, 100, 200, 400, 800, 1600, 3200 kPa (Bowles, 
1986, pp.118-19).   
 The results from these oedometer tests were analyzed using the empirical method 
developed by Casagrande (1936).  Preconsolidation pressure was determined by first 
plotting void ratio (e) as a function of the logarithm of stress (σ') (Bowles, 1986).  
Casagrande’s method, as described by Holtz & Kovacs (1981), was applied to the 
resulting curve (Fig. 2.7).  A point of minimum radius or maximum curvature (A) is 
chosen.  Two lines are drawn through A, one is tangent to the curve (B) and the other is 
horizontal (C).  The acute angle formed by these lines is bisected (D).  A straight line is 
projected backward from the lower part of the e-log σ' curve (E) until it intersects with 
the bisector line.  The stress at this intersection is the preconsolidation pressure (σ'p).  
Casagrande (1936) found that this method provided accurate preconsolidation pressures 
in tests on specimens with known loading histories. 
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a 
Sample 
chamber 
 
b σ
 
 
Figure 2.6.  (a) Oedometers in the Soil Mechanics Lab, Iowa State University 
Department of Civil, Construction, and Environmental Engineering.  (b)  Schematic 
cross-sectional view of an oedometer and sediment sample. The chamber is filled with 
water to saturate the sample.   
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Figure 2.7.  Casagrande’s method (1936) applied to consolidation data for a till 
specimen.  The red arrow points to the graphically-determined preconsolidation pressure 
(σ'p).       
 
 The results of the preconsolidation tests were also used to estimate 
compressibilities and hydraulic diffusivities of the silt and till specimens in order to 
calculate their permeabilities and thereby help interpret preconsolidation pressures.   
Compressibility (α) describes the change in volume of the sediment under an applied 
stress.  It is defined as 
ߙ ൌ ି∆௏/௏
∆ఙᇲ
,      (1) 
where V is the total volume of the specimen before the load is applied, ∆V is the change 
in volume after the load is applied, and ∆σ' is the applied effective stress for that loading 
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increment (Freeze & Cherry, 1979).  Each loading increment from the oedometer tests, 
therefore, yielded a value of compressibility.  Each loading increment also yielded a 
value for the hydraulic diffusivity (D), calculated from the rate of sample thickness 
change after the loading increment.  D is given by 
ܦ ൌ  వ்ఱ
൫భమு൯
మ
௧వఱ
 ,      (2) 
where H is the thickness of the specimen, t95 is the time it takes for 95% of consolidation 
to occur, and T95 is a constant (Bowles, 1986).  Hydraulic diffusivity is also known as the 
coefficient of consolidation (Holtz & Kovacs, 1981). 
 Hydraulic conductivity was related to the measured compressibility and 
diffusivity through 
ܭ ൌ ܦߩ݃ߙ,             ሺ3ሻ 
 where K is the hydraulic conductivity of Darcy’s Law, ρ is the water density, and g is the 
acceleration due to gravity (Freeze & Cherry, 1979).  In this equation the compressibility 
of water is neglected because it is very small relative to that of the granular skeleton.   
 
F. Clast fabric  
 Clast fabric refers to the degree of alignment of elongate clasts and is commonly 
used to interpret the origins of glacial sediments.  Elongate clasts in till tend to align 
parallel to glacier flow and have long been used as flow-direction indicators (Boulton, 
1971; Dowdeswell & Sharp, 1985).  More recently, clast fabrics have been used to infer 
the state of strain in basal tills (Hooyer & Iverson, 2002) using fabrics developed in 
laboratory experiments (Hooyer & Iverson, 2000) to calibrate the method.  One clast 
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fabric was measured within till at every other profile of the cross-section (Profiles 2, 4, 6, 
8, 10, 12).  At each profile, a 1.0 m2 vertical surface was exposed.  Twenty-five gravel or 
cobble-sized elongate clasts with aspect ratios larger than 1.5 were measured.  A narrow 
rod was positioned parallel to the long axis of each clast to guide Brunton compass 
measurements of trend and plunge.  The 25 clast orientations were plotted on a lower-
hemisphere, equal-area stereonet, and eigenvalues and eigenvectors were computed (e.g., 
Mark, 1973), as measures of fabric strength and orientation, respectively.  
 
G. AMS fabric 
 Anisotropy of magnetic susceptibility (AMS) was used as the primary tool for 
analysis of till fabric.  AMS provides a quantitative proxy for the orientation and 
alignment of non-equant magnetic particles.  The till in the 610th Ave. Moraine is 
dominated by a sandy, fine-grained matrix with less elongate pebble or cobble-sized 
clasts; so the spatial resolution of traditional clast fabrics is poor (~1 m2).  In contrast, 
fabrics based on AMS data can be gathered in a horizon ~20 mm thick and ~0.01 m2 in 
area.  Optical measurements of sand-grain fabrics in thin–sections provides even better 
spatial resolution than the AMS technique, but with the significant drawback that fabrics 
are only two-dimensional; AMS fabrics are fully three-dimensional.  Moreover, the AMS 
of each specimen measured reflects a volume-averaged orientation of many magnetic 
particles (Iverson et al., 2008), rather than the orientation of a single grain, which 
optimizes the signal-to-noise ratio of the technique.  Using AMS as a proxy for particle 
fabrics also removes the sampling bias (e.g., Klein & Davis, 2002) and subjectivity 
inherent in traditional clast fabric measurements (Iverson et al., 2008).  
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 Samples for AMS analysis were collected from the 12 vertical profiles shown in 
Figure 2.3.  Along each profile, flat, horizontal shelves were cut into undisturbed till at 
0.2 m vertical increments.  These shelves were about 0.15 m2 level surfaces that stepped 
down the exposure (Fig. 2.8).  Each profile contained about 10 shelves. 
 
0.2 m 
 
 
Figure 2.8.   Shelves excavated for the collection of samples for AMS analysis (Profile 
5). 
 
 Twenty-five intact samples for AMS analysis were collected from each shelf, 
spanning an area of ~0.01 m2 at the center of the shelf.  AMS samples were collected by 
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pressing 18 mm plastic cubic boxes with 1 mm wall thicknesses into the shelf.  Each cube 
was oriented and marked with an arrow indicating magnetic north (Fig. 2.9).  The boxes 
were carefully excavated, capped, and labeled with profile number and shelf letter.  A 
total of 3,200 AMS samples were collected.  
 
 
 
Figure 2.9.  25 plastic boxes were pressed into a level shelf.  Each cube was marked with 
an arrow that oriented them to magnetic north. 
 
 The magnetic susceptibility of the samples was measured using the Geofysika 
Kappabridge KLY-3S magnetic-bridge device at the University of Wisconsin-Madison 
Department of Geology and Geophysics (Fig. 2.10).  This device measures the AMS of 
each sample by subjecting it to a uniform magnetic field of known strength.  The sample 
is rotated through 15 orientations and the induced field is measured in each orientation to 
determine the extent of magnetic anisotropy.  The strength of the magnetization is 
characterized by the susceptibility (k): the ratio between the applied and induced fields in  
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Figure 2.10.  Kappabridge device at the University of Wisconsin-Madison.  An AMS 
box is placed in the sample chamber (black arrow).  The arm lowers the sample into the 
magnetic chamber and rotates it while subjecting it to a known magnetic field.  This 
process is repeated three times per sample.      
 
a particular orientation.  The susceptibility varies with orientation because some particles 
are more easily magnetized in one orientation than another (Tarling & Hrouda, 1993).  In 
tills with magnetic minerals with so-called shape anisotropy (Tarling & Hrouda, 1993), 
such as magnetite, grains have the strongest susceptibility parallel to their long axes, 
which provides the basis for using AMS as a proxy for grain alignment.  If grains have 
become aligned due to shear deformation, for example, the anisotropy will be strongest in 
the direction that the grains are aligned.  This anisotropy of magnetic susceptibility of a 
single sample is commonly visualized as an ellipsoid (Fig. 2.11), with each of the axes 
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being a principal susceptibility.  The long axis is the maximum susceptibility (k1), the 
intermediate axis is the intermediate susceptibility (k2), and the short axis is the minimum 
susceptibility (k3).   
 
Figure 2.11.  AMS ellipsoid.  When sediment is deformed, non-equant, magnetic grains 
align.  The induced magnetic field will be elongated in the preferred orientation of the 
long axes of the magnetic grains (Tarling & Hrouda, 1993), assuming those grains have 
shape anisotropy.        
 
A few samples of the till of the moraine were sent to the paleomagnetism lab at 
the University of Paris, CNRS, to determine the magnetic carrier for the AMS of the till.  
Hysteresis experiments and tests that measure the dependence of the till’s magnetic 
susceptibility on temperature, like those described by Hooyer et al. (2008), indicate that 
the AMS carrier mineral is magnetite, of probably fine-sand size (F. LaGroix, personal 
communication). Therefore, owing to magnetite’s shape anisotropy, the measured 
orientation of k1 for a sample of the till should be parallel to the mean orientation of these 
fine grains.  
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 The AMS ellipsoids for each of the 25 samples collected at a given location were 
used to compute fabric statistics (25 samples = 1 fabric).  Fabric orientation and strength 
were calculated using the method of Mark (1973).  The orientation of maximum 
clustering of the principal susceptibilities is represented by an eigenvector (V1).  The 
degree of clustering of susceptibility orientations around the eigenvector is the eigenvalue 
(S1).  Eigenvalues indicate the strength of the magnetic fabric: S = 1.0 reflects perfect 
alignment and S = 0.33 indicates no alignment.  Eigenvectors and eigenvalues were 
calculated based on the orientations of each of the principal susceptibilities.  
 AMS data were plotted in two different ways on lower-hemisphere, equal-area 
stereonets.  The AMS orientations (k1, k2, k3) and their corresponding V1 eigenvectors 
(Vk1, Vk2, Vk3) for the 25 samples gathered at each shelf were plotted in separate 
stereonets (e.g., Fig. 2.12a).  In this case, each stereonet displays AMS principal axes 
orientations from samples collected from a single shelf.  Data were also plotted, however, 
so that all fabric data from a given profile could be displayed on one stereonet, known as 
a “profile fabric” in future references. In this case, eigenvector orientations for each of 
the shelves in a profile were plotted (e.g., Fig. 2.12b).  A total of 12 such stereonets – one 
per profile – were used to illustrate fabric differences among profiles and the vertical 
variability of fabric in each profile.     
 Results of ring-shear experiments (Hooyer et al., 2008; Iverson et al., 2008) 
provide a foundation for relating magnetic fabrics to strain direction and magnitude.  
Progressive shear strain increases k1 fabric strength, as indicated by S1 values, at an 
exponentially decreasing rate up to a critical strain, beyond which the fabric strength  
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Figure 2.12.  (a) Representative AMS fabric.  Orientations of principal susceptibilities 
(k1, k2, k3) for 25 AMS cubes and the calculated eigenvectors (Vk1, Vk2, Vk3) are plotted 
on equal-area, lower-hemisphere stereonet.  (b) Eigenvectors (Vk1, Vk2, Vk3) for each of 
14 shelves in a representative profile fabric plotted on equal-area, lower-hemisphere 
stereonet.  The 14 fabrics are distilled to 14 Vk1, Vk2, and Vk3 orientations.   
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remains steady (Hooyer et al., 2008; Iverson et al., 2008).  This critical strain was 10-30 
in the three tills studied by Iverson et al. (2008) with steady state S1 values > 0.83.  
 Results of these experiments motivate three important guidelines for interpreting 
AMS resulting from simple shear: 
• k1 and k3 lie in the longitudinal flow plane, with k1 aligned in the direction of shear. 
• k2 is normal to the longitudinal flow plane and in the shear plane. 
• k1 plunges 20-30° up-glacier relative to the shear plane (Thomason & Iverson, 2009).  
(Fig. 2.13a)  
 Fabrics that result from pure shear can be inferred by considering the rotation of 
passive lines in a body subjected to pure shear.  Orientations of k1 should become 
increasingly parallel to the least compressive principal stress with strain, with k3 
becoming parallel to the most compressive principal stress (σ1 in Figure 2.13b). 
a 
 
 
Figure 2.13a.  Steady orientations of principal susceptibilities that develop during simple 
shear to a sufficiently high strain: 10-30 during shear of tills. 
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b 
 
Figure 2.13b.  Expected orientations of principal susceptibilities during pure shear to a 
sufficient strain, with σ1 being the most compressive principal stress. The least 
compressive principal stress is vertical in this case. 
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CHAPTER 3: RESULTS 
A. Section description 
mposed primarily of sandy till intercalated with sand and silt 
e, 
 
. Grain-size distribution 
re, based on 31 samples from three vertical profiles (2, 8, 12, 
 
e 
of the Des Moines Lobe are included in Figure 3.2b for comparison.  The uniform grain-
 
 The moraine is co
lenses.  The compositional heterogeneity and complex sedimentary relationships are 
illustrated in Figure 3.1.  The till consisted of gravel-sized clasts in a fine-grained, dens
calcareous matrix.  It was densely fractured and the fracture planes were stained red by 
oxidation.  There was about 0.60-1.0 m of soil and grass at the top of the cross-section.  
Beneath the soil layer, a continuous lens (~0.6 m maximum thickness) of fine-grained 
sand extended horizontally ~35 m across the center of the moraine.  There were several
smaller irregularly shaped sand and silt lenses across the exposure.  Most of these had 
apparent dips to the north, some at angles greater than 45º.  Between Profiles 1 and 2, 
there was a horizontal, trough-shaped lens consisting of gravel, sand, and silt layers.   
 
B
 The till in the exposu
Fig. 3.1), on average consisted of 16% clay, 29% silt, 49% sand, and 6% gravel.  To 
compare the till in the moraine with grain-size analyses from previous studies of Des 
Moines Lobe tills (Kemis et al., 1981; Lutenegger et al., 1983); the sand, clay, and silt
fractions were plotted as a function of elevation (Fig.3.2a).  The grain-size distribution 
was relatively uniform throughout each vertical profile.  Similar plots for a representativ
section that contains the basal (Alden Member) and supraglacial (Morgan Member) tills 
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Figure 3.1.  Cross-section of the study site.  The green and brown lines at the top of the cross-section represent grass and soil, 
respectively.  The black vertical lines indicate the positions of sampling.  The bottom image is to scale.   
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Figure 3.2a. Clay, silt, and sand contents for Profiles 2, 8, and 12.  Vertical axis is elevation (m) above the datum. 
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Figure 3.2b.  Particle-size distribution for supraglacial deposits (Morgan Membe
overlying basal till (Alden Member)of the Des Moines Lobe (from Kemmis et al. 1981). 
 
 
 
 
 
r) 
b 
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size distribution of till from the 610th Ave. Moraine is similar to that of the Alden 
Member.  
 The grain-size data were also plotted on a USDA soil texture classification ternary 
diagram.  The till samples plot at the intersection of loam, sandy loam, and sandy clay 
loam (Fig. 3.3a).  The average sand, silt, and clay contents were 52%, 31%, and 17%, 
respectively, with standard deviations of approximately ±5%.  Again, similar plots for the 
supraglacial and basal tills of the Des Moines Lobe are included for comparison (Fig. 
3.3b, Fig. 3.3c).  Till texture for the 610th Ave. Moraine is similar to the homogeneous 
texture of Alden member basal till, although slightly sandier.      
Soil texture classification of till from 3 profiles.   
  
 
Figure 3.3a.  
a 
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 Figure 3.3  (b) Soil texture classification of supraglacial Morgan Member sediments 
(modified image from Kemmis, et al. 1981.) “D” represents diamicton and till samples 
and “S” represents sorted sediments.  (c) Soil texture classification of subglacial Alden 
Member sediments (modified image from Kemmis, et al. 1981.)  Black dots and “B” 
 
 
b 
c 
 
represent till samples and “S” represents sorted sediment. 
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 C. Till density 
 The average density of the till was 1.82 ± 0.19 g cm-3 with a range of 1.37 - 2.23 g 
cm-3.  Till densities were plotted with those of Lutenegger et al. (1983) for known 
supraglacial (Morgan Member) and basal (Alden Member) Des Moines Lobe tills (Fig. 
3.4).  Morgan Member till densities range from 1.44 to 1.85 g cm-3, with a mean of 1.62 g 
cm-3.  Alden Member till densities range from 1.69 to 2.09 g cm-3, with a mean of 1.89 g 
cm-3.  Morgan Member density values are highly variable, whereas those of the Alden 
Member till display a more normal distribution.  The till of the 610th Ave. Moraine 
generally matches the higher density and normal distribution of the Alden Member till. 
al 
 
 
 
Figure 3.4.  Till densities plotted with those for supraglacial (Morgan Member) and bas
(Alden Member) tills.  Morgan and Alden Member till data are from Lutenegger et al.
(1983).   
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D. Preconsolidation pressure 
a, and 
Figure 3.5.  Preconsolidation pressures for silt and till from the 610  Avenue Moraine.  
The red line indicates the modern overburden pressure.    
 
Preconsolidation pressures were higher for silt specimens than for till specimens 
(Fig. 3.5).  Average preconsolidation pressures for silt and till were 286 kPa and 149 kPa, 
respectively, although a silt specimen yielded the lowest preconsolidation pressure (67 
 Results from consolidation testing yielded preconsolidation pressures of 67 – 390 
kPa (Fig. 3.5, Table A1).  In contrast, modern overburden pressures were 20-57 kP
thus effective stresses on the till and silt specimens were significantly higher in the past 
than they are presently. 
 
th
kPa).        
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 Values for hydraulic conductivity were calculated for the silt and till, based on 
easur
  
E. Clast fabrics 
 One clast fabric (25 clasts) was measured at each of six profiles across the 
moraine.  Even though the number of fabrics was limited, the results were fairly 
consistent.  Azimuths of clast long axes (V1 eigenvectors) were roughly perpendicular to 
the moraine crest and hence parallel to the inferred glacier flow direction (Fig. 3.6).  
Fabrics were unimodel, with S1 eigenvalues ranging from 0.61 to 0.82.  Four of the six V1 
eigenvectors plunged mildly up-glacier. 
 
F. AMS fabrics 
 Principal susceptibilities (k1, k2, k3) and their corresponding eigenvectors were 
rientations range from very strong (S1=0.97) to weak (S1=0.42).  72% of fabrics are 
stronge
.  The first pattern, herein called Pattern A, is the organization of k1, k2 and k3 
into individual clusters, usually with the azimuth of the k1 eigenvector to the northwest  
m ed diffusivities and compressibilities from preconsolidation tests on each material 
(see Chapter 2).  The till yielded a higher diffusivity (4.7x10-8 m2/s) than silt (4.1x10-9 
m2/s).  Similarly, the till hydraulic conductivity (2.3x10-10 m/s) was higher than that of 
the silt (1.3 x10-11 m/s). 
plotted for 125 locations within 12 profiles (Fig. 3.7).  Fabrics strengths based on k1 
o
r than S1 = 0.70, but strengths vary unsystematically within profiles.    
 Fabric strengths are less instructive than the orientations of principal 
susceptibilities.  Two different end-member patterns emerge from the individual 
stereoplots
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Figure 3.6.  Stereoplots of clast fabrics for Profiles 2,4,6,8, and 10.  Eigenvalue (
long axes are represented by red squares.  The associated eigenvector is shown as a red X
 
S1) and 
elevation of the sampling site are to the right of each stereonet.  The orientations of clast 
.  
The blue line is the general trend of the moraine crest (~50°).   
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and roughly perpendicular to the moraine crest (e.g., Fig. 3.7, Profile 1 at 1.3 m), 
although there is considerable variability.  Table 1 lists Pattern A fabric characteristics for 
fabrics that are sufficiently strong (S1 > 0.75).  The plunges of V1 eigenvectors based on 
k1 are most commonly to the northwest, or up-glacier (Fig 3.8).  The mean V1 orientation 
is 314° (N46°W), with a plunge 55° NW.  The angular standard deviation of the mean V1 
is 45°.  In the second pattern (Pattern B) that occurs less commonly, k1 and k2 are 
distributed in a band or girdle across the stereoplot, and k3 clusters strongly perpendicular 
to the girdle and roughly perpendicular to the moraine crest (e.g., Fig 3.7, Profile 3 at 1.8 
m), although with some tendency for the k3-cluster to trend due north rather than 
northwest.  Pattern B is best represented in Profile 3, down-glacier from the moraine 
crest, but is observed locally also in Profiles 4 and 8-12. 
 Fabrics for a given profile were generalized by plotting V1 eigenvectors for k1, k2 
and k3 for all the elevations in a profile (Fig. 3.9) on a single stereonet (profile fabrics).  
The eigenvectors for Profiles 1, 6, 10 and 11 indicate the strongest tendency toward 
Pattern A, and Profiles 3 and 9 indicate the strongest tendency toward Pattern B.   
 
 
Figure 3.8.  Stereoplot of Pattern A eigenvectors from fabrics with S1 > 0.75.  The red 
boxes are V1 orientations.  The blue circle is the mean orientation.   
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CHAPTER 4: DISCUSSION 
 
A. Subglacial origin of sediments 
 
 A key tenet of the crevasse-fill hypothesis is that the sediment that constitutes the 
moraine was beneath the glacier.  The properties of the 610th Ave. Moraine sediments 
uniformly indicate that this was the case.   
 Grain-size data provide the simplest evidence: the grain-size distribution of the till 
is like that of the basal member of the Des Moines Lobe (Alden Member) studied 
elsewhere in Iowa (Fig. 3.2a-b, Fig. 3.3a-c).  Basal tills of the Midwest are characterized 
by a homogenous grain-size distribution (Johnson et al., 1971; Kemis et al., 1981; 
Lutenegger et al., 1983).   Entrainment and transport of sediment within the glacier and 
sediment deformation beneath the glacier tend to mix sediments, removing primary 
heterogeneity (Benn & Evans, 1996).  The till of the moraine has a grain-size distribution 
that is relatively uniform in the three vertical profiles sampled (Fig. 3.2a) and hence 
distinctly different from grain-size distributions of tills deposited supraglacially (Fig. 
3.2b).  In addition, the texture of the sampled till is close to that of Alden Member till 
(Fig. 3.3a, Fig 3.3c). The slightly sandier till of the moraine may reflect its mixing with 
sand deposits in the moraine (Fig. 3.1).  
 Similarly, the range of till densities measured is like that of the Alden Member 
(Fig. 3.4).  Till beneath a glacier is consolidated, resulting in a deposit that is denser than 
till deposited by ablation at the surface or margin of a glacier.  Density contrasts are 
commonly used to identify basal tills (Boulton & Paul, 1977; Hallberg et al., 1980).  
Density data from different sediments can be compared to infer degrees of consolidation, 
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as long as the sediments ha al., 1981; Lutenegger et 
l., 1983).  When fine-grained sediments are subjected to a compressive stress, the water 
e load.  Given sufficient time, pore-water 
gher bulk densities.   
m (Hooyer & Iverson, 2002),  resulting in 
ve grossly similar textures (Kemis et 
a
in the pore spaces supports a portion of th
pressure dissipates, and the load that was carried by the fluid is transferred to the granular 
skeleton (Holtz & Kovacs, 1981).  Under increasingly large effective stresses, the 
particles become more tightly packed, resulting in hi
 Preconsolidation pressures also indicate that till has been loaded by ice (Fig. 3.5).  
Preconsolidation pressures exceed modern overburden pressures by ~25-335 kPa.  Post-
glacial erosion has reduced the height of washboard moraines by as much as 0.6 - 1.2 m 
(Burras, 1984), so that modern overburden pressures may be underestimated by 13-21 
kPa (assuming a wet density of ~2,000 kg m-3 for overburden sediment).  Therefore, post-
glacial erosion falls well short of accounting for the measured degree of 
overconsolidation, indicating that the silt and till of the moraine were loaded by the 
glacier.     
 High pore pressures within the till must have partly counteracted the weight of the 
glacier, consistent with the conclusions of previous studies of the Des Moines Lobe’s 
basal till (Hooyer & Iverson, 2002)  Reconstructions of the lobe indicate that the ice 
thickness over Story County was ~100-200 
~880-1770 kPa of normal stress on the bed.  Average preconsolidation pressures for silt 
and till were much smaller, 286 kPa and 149 kPa, respectively, and comparable to 
preconsolidation values in previous studies of the Alden member (Hooyer & Iverson, 
2002).  Preconsolidation pressure is equal to the maximum effective stress (total normal 
stress minus pore-water pressure) on the till during loading by the glacier, assuming no 
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disturbance since deglaciation.  Pore pressure at the bed of the Des Moines Lobe must, 
therefore, have supported a large fraction of the glacier’s weight.  This conclusion is 
broadly consistent with measurements beneath fast-moving portions of the West 
Antarctic ice sheet, where pore pressures in till beneath 1 km-thick ice are within a few 
tens of kilopascals of the ice overburden pressure (e.g., Engelhardt & Kamb, 1997)
An interesting question is why preconsolidation pressures for the si
.     
lt were 
at 
vations that silt 
y, 
 most likely explanation for the low preconsolidation pressures in the till, and 
ld 
ne 
 
h 
generally higher than those of the till (Fig. 3.5).  One possibility is that till maintained 
higher pore pressure because it was less permeable and hence more poorly drained than 
the silt.  However, diffusivity and hydraulic conductivity estimates for the till contradict 
this explanation.  The till samples have diffusivity and hydraulic conductivity values th
are an order of magnitude higher than those of the silt (see Chapter 3, Section F).  The 
high hydraulic conductivity values for the till are unexpected given obser
tends to have higher hydraulic conductivity ranges than those of till (Freeze & Cherr
1979).  The
perhaps for its high hydraulic conductivity, is that the till samples were disturbed during 
sampling, prior to preconsolidation testing.  As noted in Chapter 2, closely-spaced 
fractures in the till made collecting an undisturbed sample difficult.  Disturbance wou
have increased the till porosity and reset the measured preconsolidation pressure to a 
spurious, lower value.  Disturbance may have also made the till more permeable. 
 Till grain size, density, and preconsolidation pressures all point to the morai
sediments having been beneath the glacier. These data preclude the possibility that the
moraine sediments where deposited subglacially but subsequently pushed into a moraine 
at the glacier margin.  Deformation of basal, overconsolidated sediments, associated wit
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proglacial push-moraine formation, would have caused sediments to dilate, yielding till 
densities systematically lower than those of the Alden Member.  In addition, disturban
of over-consolidated till would have reset preconsolidation pressures to lower val
(Holtz & Kovacs, 1981).  
 The conclusion that sediments in the moraine are derived from under the glacier
ce 
ues 
 
indicat
 
 
his 
es that the sand, silt, and gravel bodies in the moraine were derived from 
subglacial water flow.  Sorted sediments have been observed in many glacial 
environments and lenses of sand and silt have been interpreted as the result of sorting of 
grains by meltwater and deposition in channels at the ice-bed interface (Clayton et al., 
1989; Clark & Walder, 1994; Benn & Evans, 1996; Evans et al., 2006).  Figure 4.1 
illustrates field observations made by Eyles et al. (1982) documenting sorted sediments
as channel-fills and sand stringers within fine-grained till.  Such deposits, if subsequently 
deformed subglacially, could explain the up-glacier dipping sand, silt, and gravel lenses
in the 610th Ave. Moraine (Fig. 3.1).  Stewart et al. (1988) believed sand at the surfaces 
of some of the washboard moraines they studied was eolian. However, till above the 
extensive sand layer at the top of the moraine of this study (Fig. 3.1) indicates that t
sand layer predates deglaciation and hence is not eolian. 
 
B. Deformation of sediments 
 Three sources of evidence indicate that the sediments of the moraine have been 
deformed: the orientations of sand and silt beds, clast fabrics, and AMS fabrics.  If the 
crevasse-fill hypothesis is correct, evidence should indicate a state of strain reflecting a 
combination of simple shear in the direction of glacier flow, as till was sheared at the  
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Figure 4.1.  Three cross-sections of fine-grained till with lenticular channel fillings.  
Solid black represents till.  Stipled areas represent sorted sediment deposits of subglacial 
and Walder (1994)) 
 
glacier flow direction and extension normal to it, as till was extruded upward and perhaps 
mounded on the upstream side of the moving crevasse.   
channels.  Lined areas represent colluvium.  (adapted from Eyles et al. (1982) by Clark 
glacier sole, and pure shear characterized by shortening of sediments parallel to the 
 Although some silt, sand, and gravel lenses within till have channel-deposit 
tle deformation, most such lenses dip in the 
up-glacier direction (Fig. 3.1).  This orientation could have developed as a result of 
glacier rotation through an angle less than 90°; or components of both strain end-
geometries and orientations consistent with lit
overturning during simple shear, such that originally horizontal sand bodies were rotated 
more than 90°; pure shear with shortening parallel to the flow direction, causing up-
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members (Fig. 4.2).  Some sedimentary features, such as the channel deposit on the lee 
side of the moraine, appear to be undeformed (Fig. 3.1).  The assemblage of highly 
deformed features in spatial proximity to undeformed deposits highlights the 
heterogeneity of deformation.  This heterogeneity likely reflects time-transgressive 
deformation, as inferred for other subglacial sediments (Sharp, 1985; Piotrowski et al., 
2004; Larsen et al., 2006) 
m and maximum principle axes of the finite strain elipsoid, 
spectively.  (b) Pure shear results shortening and lengthening of the principal axes, with 
no rotation in the plane of strain. (c) Simple shear results in rotation of these axes in the 
 Clast fabrics indicate the clear tendency for the long axes of particles to align 
help demonstrate that particles align parallel to ice-flow direction (Boulton & Hindmarsh, 
1987; Ham & Mickelson, 1994; Benn & Evans, 1996).  March-type passive rotation has 
in both field (Benn, 1995; Benn & Evans, 1996) and laboratory (Hooyer & Iverson, 
particles aligning parallel to the direction of shear (Ildefonse & Mancktelow, 1993).  
 
Figure 4.2.  Pure and simple shear.  (a) Initial undeformed condition in which x and z 
represent the minimu
re
plane of strain, with no deformation in the shear plane.  
 
parallel to the flow direction and roughly normal to the moraine crest.  Field observations 
been identified as the dominant mode of clast orientation in deforming granular materials 
2000) investigations. Slip between clasts and the surrounding matrix results in elongate 
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 AMS fabrics provide a far more detailed picture of strain patterns in the moraine
than do clast fabrics. Pattern A fabrics are dominant and reinforce that till shear was
important in moraine formation.  Pattern A fabrics are defined as strong fabric
in which k1, k2, and k3 orientations are clustered, with the k1-based eigenvector (Vk1) 
oriented generally perpendicular to the moraine crest and plunging up-glacier.  The 
average orientation of shea
 
 
s (S1>0.75) 
r planes in the moraine can be resolved using Pattern A fabrics 
(Fig. 2.13a).  The mean orientation of Vk1 eigenvectors is 314° (N46°W), with a plunge 
of 55°NW.  The mean Vk1 trend is close to the known flow direction of the Des Moines 
Lobe.  The mean dip of shear planes is indicated by the mean plunge of Vk1 and its 
typical angular relationship with the shear plane, as determined from results of ring-shear 
experiments with till (See Chapter 2, section G).  These experiments indicate that k1-
based eigenvectors plunge up-glacier and lie within 20-30° of the shear plane (Iverson et 
 
k2 
sal 
g 
al., 2008).  The mean Vk1 plunge is 55° NW, indicating that shear planes in the moraine
had an average dip of ~25°-35° up-glacier, assuming that simple shear there dominated 
train as in the ring-shear experiments (Fig. 2.13a).   s
 Pattern B fabrics imply a quite different state of strain.  Orientations of k1 and 
are distributed in a girdle, with k3 clustered perpendicular to the girdle and the moraine 
crest.  These fabrics reflect a state of strain dominated by pure shear in which k1 and k2 
align normal to the most compressive principal stress (Fig. 2.13b).  This pattern is 
consistent with extrusion of till upward into a crevasse.  The girdle of k1 and k2 
orientations likely reflects vertical and lateral extension of till along the plane of a ba
crevasse.  The low-angle clusters of k3 orientations correspond to the NNW-SSE 
shortening of the sediments. This shortening was likely caused by sediments moundin
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cent 
, 
.  
 
 and sorted sediments along its 
s.  
as 
etry, 
on the up-stream wall of the plowing crevasse or by compressive flow down the steep 
gradient in effective stress from the parts of the moraine directly under ice to the adja
moraine area overlain by the crevasse. Pattern B fabrics are strongest in Profile 3 
downstream from the crest of the moraine. 
 
C. Interpretation 
 The results of this study support the crevasse-fill hypothesis for washboard 
moraine formation.  Figure 4.3 generalizes the state of strain in the moraine. The rapid 
advance of the lobe may have been associated with longitudinal extension of the ice
which led to transverse crevasses.  Soft, deformable till was displaced up into the 
crevasse through a combination of shearing, mounding due to plowing, and extrusion
Once a ridge of sediment occupied the base of the crevasse, it may have produced an 
anchoring effect, keeping the crevasse open and pinned in that position.  The strong 
Pattern B fabrics in Profile 3 could correspond to the quasi-static location of the crevasse
opening.  The crevasse would also conduct meltwater
trend.  The sorted sediments deposited adjacent to and on top of the till would be 
deformed and displaced during the evolution of the moraine.   
 Stewart et al.’s (1988) earlier study of the washboard moraines of Story County 
focused primarily on the sedimentology and stratigraphy of four ridges at three site
Like the 610th Ave. Moraine, the ridges of that study were composed of what w
interpreted as Alden Member till interbedded with sorted sediments.  Stewart et al. 
suggested filling of basal crevasses as a hypothesis to explain the periodicity, geom
and sedimentology of washboard moraines.  Our hypothesis is similar to that of Stewart 
65 
 
 
 
Figure 4.3.  a fi  for o ti f 1  Ave. Moraine b  Moines Lobe
 
 
 
.  Arrows the f rma on o the 6 0th eneath the DesCrev sse- ll mechanism
generalize the state of strain.
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et al., although ours is based on more comprehensive till fabric data.  Their fabric data 
consisted of 2-5 clast fabrics per ridge and a total of only seven magnetic fabrics at two 
sites (Fig. 4.4).  Their data reinforce the observation in much of the moraine of this study 
that the basal till has been sheared parallel to the glacier flow direction, but their data 
were not sufficient to detect the Pattern B fabrics that are interpreted herein as indicative 
of till extrusion into a crevasse. 
 
 
 
Figure 4.4.  AMS fabrics from Site 1 in the washboard moraine study of Stewart et al. 
(1988), plotted on upper-hemisphere stereonets.   Two AMS fabrics (not pictured) were 
collected at Site 3.  Glacier flow direction is from northwest to southeast.  Dark circles 
and open circles represent maximum and minimum principal susceptibilities, respectively 
(Stewart et al., 1988)  
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D. Implications 
 The results of this study do not contradict a principal assumption made in 
reconstructing the morphology of the Des Moines Lobe: that the moraines formed 
subglacially when the lobe was at its maximum extent (Clark, 1992; Hooyer & Iverson
2002).  This assumption allows the moraines to be used as a flow-direction indicator 
when the glacier was building its
, 
 terminal moraine (Bemis Moraine, see Fig. 1.1a). Flow 
irection over the footprint of the lobe, together with terminal-moraine elevations, allows 
the ice surface geometry to be reconstructed.  This method is fundamentally flawed if the 
moraines formed at the glacier margin during its recession. The existence of washboard 
moraines interpreted as subglacial landforms has been interpreted by some as evidence 
that a relatively thin Des Moines Lobe stagnated at its maximum extent and down-wasted 
without progressive retreat of it margin during active glacier flow (Ham & Attig, 2001; 
Quade & Bettis III, 2003).  As the ice melted, the washboard moraines would be exposed, 
without overprinting by annual ice advances or retreats.   
 The high pore-water pressures inferred from preconsolidation measurements 
strengthen the case for a rapidly advancing Des Moines Lobe.  Extending flow of a 
glacier sliding on weak sediment is similar to flow of ice shelves, which can extend 
ck of basal slip resistance.  The rapid 
xtension (Kenneally & Hughes, 2002).  The thin ice of the lobe, 
s indicated by reconstructions, and high basal water pressure could have helped keep 
es open all the way to the glacier bed by inhibiting creep of ice into them.  
d
rapidly under their own weight, owing to a la
advance of the lobe likely resulted in longitudinal extension of the ice, which led to 
quasi-periodic transverse crevasses, just as ice shelves develop periodic transverse 
crevasses during their e
a
crevass
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Therefore, the Des Moines Lobe may have been similar to an ice shelf in that it was 
ould 
h 
 
 to form individually at 
g 
-line 
lect 
e 
nearly floating on its bed and rapidly extending, even in its ablation area where 
compressive flow is normally expected (Hooyer & Iverson, 2002).  Such behavior w
in turn imply that the lobe was out of balance with its climate forcing, and that its rapid 
motion was caused by dynamic, rather than climatic factors. This inference agrees wit
fossil evidence that the climate was relatively warm (non-arctic) when the Des Moines 
Lobe advanced (Schwert & Torpen, 1996; Baker 1996; Bettis et al., 1996). 
 The results of this study should be cautionary for those who would interpret 
transverse moraine ridges as sequentially formed and temporally forced, based only upon
their uniform spacing (Winkelmann et al., 2010; Jakobsson et al., in press).  Recently-
exposed submarine moraines that are uniformly spaced, transverse, and immediately 
adjacent to marine-based modern ice sheets and ice caps are receiving considerable 
attention as potential indicators of the dynamic response of ice sheets and glaciers to 
global warming.  Transverse moraines have been assumed
grounding lines either diurnally due to tidal forcing or annually due to seasonal forcin
(Jakobsson et al., in press) and their spacing used to calculate past rates of grounding
retreat.  Uniformly-spaced moraines on land, like the moraines of  this study, that ref
spatial rather than temporal patterns highlight the uncertainty of assuming transvers
moraines form as a consequence of such temporal forcing. 
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CHAPTER 5: CONCLUSIONS 
 
 Characteristics of the sediments of the 610th Ave. Moraine uniformly indicate 
that they were loaded by glacier ice and hence were not deposited supraglacially at the 
margin of the Des Moines Lobe.  The homogeneous grain-size distribution is similar to 
that of the Des Moines Lobe’s Alden Member (basal) till. Average till density (~1.82 g 
cm-3) is also similar to that of the Alden Member, indicating that the sediments were 
tent 
st 
ter 
te, 
that 
ly time-transgressively.   
There are two dominant AMS fabric patterns in the till of the moraine.  Pattern A 
abrics are strong (S1 > 0.75), with orientations of principal susceptibilities clustered and 
ith the k1-based eigenvector parallel to the glacier-flow direction and plunging up-
lacier.   Clast fabrics are consistent with Pattern A fabrics, with particle alignment 
consolidated by the glacier.  Preconsolidation pressures (67-390 kPa) indicate the ex
of overconsolidation and exceed modern overburden pressures by 25-335 kPa but are a 
small fraction of reconstructed ice-overburden pressures of ~880-1770 kPa.  Thus 
although sediments were beneath the ice, pore-water pressure must have supported mo
of the glacier’s weight.  The possibility that the till was deposited subglacially and la
scraped at the glacier margin into a push moraine is untenable.  Pushing of 
overconsolidated basal tills at the glacier margin would cause the sediments to dila
resulting in lower densities and resetting preconsolidation pressures. 
 The conclusion that the till was deposited beneath the glacier indicates the sorted 
sediments within the till were derived from subglacial water flow.  The up-glacier 
dipping sand and gravel lenses in proximity to undisturbed channel deposits illustrate 
the sediments are deformed but heterogeneously and probab
 
f
w
g
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parallel to glacier-flow di  nearby washboard 
oraines (Stewart et al., 1988).  Pattern B fabrics are characterized by a girdle of k1 and 
2 orien
d 
s 
sses.  Soft, 
 by the growing 
intain 
l
he 
han 
rection, as are AMS fabrics measured on
m
k tations sub-parallel to the trend of the moraine, and with k3 strongly clustered 
roughly perpendicular to the moraine crest and plunging at a low angle.  Profiles 1, 2, an
6 consist of only Pattern A fabrics, and Profile 3, down-glacier from the moraine crest, 
consists of predominately Pattern B fabrics.  Both patterns are represented to varying 
degrees in the remaining profiles (Profiles 4, 5, 7-12).  The distribution of these fabric
indicate a strain pattern dominated by flow-parallel shear, with shear planes inclined 
mildly (25-35°) up-glacier, but with local upward and lateral extension of moraine 
sediments.   
 The sedimentological, geotechnical, and fabric data of this study provide support 
for the crevasse-fill origin for washboard moraines advocated by Stewart et al. (1988). 
The rapid advance and extension of the ice into Iowa led to transverse creva
deformable till was displaced upward into crevasses through some combination of 
shearing, plowing, and extrusion.  Crevasses may have been anchored
moraine, while they conducted meltwater and deposited sorted sediments along their 
trends.  The relatively thin ice and high basal water pressure could promote and ma
open crevasses at the glacier bed.  Glacier flow would progressively deform the crevasse-
fill sediments along with the fluvial sediments, deposited intermittently, until the ice 
stagnated and ablated.   
 A crevasse-fi l origin for the washboard moraines of the Des Moines Lobe has 
diverse implications.  The veracity of reconstructions of ice-surface geometry when t
glacier was at its maximum extent depends on the moraines being subglacial rather t
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 et 
ice-marginal features (Clark, 1992; Hooyer & Iverson, 2002).  A crevasse-fill origin fo
the moraines, together with high pore-water pressures inferred from sediments within the
them, provide additional support for the hypothesis that the Des Moines Lobe that was
out of balance with the climate, with ice extension near its margin and, likely, rapid basal 
motion (Hooyer & Iverson, 2002).  Other uniformly-spaced transverse moraines, like 
those adjacent to marine-based modern ice sheets (Dowdeswell et al., 2008; Jakobsson
al., in press), also may reflect spatial controls on moraine formation, such as crevasses, 
rather than temporal seasonal or tidal forcing.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
72 
 
 
Table A1. Data used to estimate preconsolidation pressures.
A
ppendix 
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